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Differences in population structure estimated
within maternally- and paternally-inherited
forms of mitochondria in Lampsilis siliquoidea
(Bivalvia: Unionidae)
ROBERT A. KREBS1*, W. CALVIN BORDEN2, NA’TASHA M. EVANS1 and
F. PAUL DOERDER1
1Department of Biological, Geological, and Environmental Sciences, Cleveland State University,
Cleveland, OH 44115-2406, USA
2Department of Biology, Loyola University Chicago, Chicago, IL 60660, USA
Mussels in several orders possess two separate mitochondrial lineages: a standard female-inherited form and one
inherited only through males. This system of doubly uniparental inheritance (DUI) for mitochondrial genes
provides an opportunity to compare the population structure of gene-lineages passed either mother-to-daughter or
father-to-son. In the present study, we contrast variation in the male and female haplotype lineages of the
American freshwater mussel species, Lampsilis siliquoidea (sometimes called Lampsilis radiata luteola), through-
out the Lake Erie, Ohio River, and upper Mississippi River watersheds, and contrast variation with the sequences
obtained for the related species/subspecies Lampsilis radiata radiata from Maine. The genetic markers were
fragments of the cytochrome c oxidase subunit I gene (COI), which occurs in both mitochondrial types, F (female)
and M (male). High haplotype diversity was found in the two independent lineages, although purifying selection
against amino acid change appeared to be stronger in the female than the male lineage. Phylogeographical patterns
also varied between mitochondria passing through females and males. The female lineage exhibited more
population structure, with the occurrence of private or nearly-private haplotypes within two streams, and three
others showed restricted haplotype distributions. By contrast to the F-haplotypes, complex phylogenetic structure
occurred for M-haplotypes, yet this phylogenetic variation coincided with almost no geographical pattern within
haplotypes. Basically, F-haplotypes showed isolation, especially above physical barriers, whereas M-haplotypes did
not. A few individuals in the eastern Lake Erie watershed even possessed M-haplotypes of an Atlantic Slope
(L. radiata radiata) origin, although their F-haplotypes were typical of Midwestern L. siliquoidea. The finding that
mussels package sperm as spermatozuegmata, which float downstream, may underlie greater gene mobility in
male-inherited mitochondria.
ADDITIONAL KEYWORDS: biodiversity – conservation – DUI – freshwater mussels – streams – Unionidae.
INTRODUCTION
Mitochondrial variation (haplotypes) continues to
expand in use as a marker in biogeography as
sequencing becomes methodologically easier and
cheaper for examining variation among populations.
The higher mutation rate in mitochondrial than
nuclear genomes combined with a general lack of
recombination (Brown, George & Wilson, 1979)
enhances opportunities to identify historical connec-
tivity among populations. However, independence
among genes on the same mitochondrion is limiting
because the whole mitochondrion is essentially one
haplotype, and its strict maternal inheritance in most
systems and lower effective population size (1/4 Ne)
means that only the female subset of gene flow events
will be observed (Ballard & Rand, 2005; Brown,*Corresponding author. E-mail: r.krebs@csuohio.edu
2008). Nuclear microsatellites provide the most
common alternative for including the contribution of
male migration and reproduction in studies of gene
flow, although other alternatives exist (e.g. sex-linked
markers). Seven families of marine and freshwater
bivalves possess another unusual option: a second
mitochondrial lineage that passes strictly through
males, a pattern called doubly uniparental inherit-
ance (Fisher & Skibinski, 1990; Stewart et al., 1995;
Breton et al., 2007). A growing body of evidence impli-
cates this system in sex determination in mussels
(Breton et al., 2011).
Within diverse species in the Unionidae and marine
mussels of the genus Mytilus, the male-inherited
mitochondrial form has been receiving considerable
attention as a second marker for studying divergence
among populations and as a possible test of the role of
selection on the mitochondrial genome (King et al.,
1999; Roe, Hartfield & Lydeard, 2001; Krebs, 2004;
Burdick & White, 2007; S´mietanka, Burzyn´ski &
Wenne, 2009; Soroka, 2010; Kijewski et al., 2011).
Because the physiological role of this male-inherited
form varies from the standard form passed in females
(Kenchington et al., 2009; Breton et al., 2011), evolu-
tionary constraints may differ. For example, relaxed
levels of selection are considered to contribute to
higher polymorphism in the male than the female-
inherited mitochondrial (mt)DNA (Hoeh et al., 1996;
Liu, Mitton & Wu, 1996; Stewart et al., 1996; Breton
et al., 2009; S´mietanka et al., 2009).
Given the different evolutionary pressures on these
mitochondrial genomes, variation among these two
forms with respect to phylogeographical patterns may
be expected, as observed for Mytilus where both male
and female gametes are released into the water
column (S´mietanka et al., 2009; Kijewski et al., 2011).
The life cycle of unionid mussels differs from that of
marine species, and involves internal fertilization and
an obligate parasitic stage on the gills or scales of
host fish (Hoggarth, 1999). Larval unionids can there-
fore disperse upstream (albeit with limits to move-
ment within a river) but not across adjacent
watersheds (Berg, Christian & Guttman, 2007; Berg
et al., 2008; Schwalb et al., 2011).
The numerous river systems that drain the
central plains of the USA and the Atlantic coastal
slope together comprise a large heterogeneous envi-
ronment for freshwater mussels. To examine genetic
diversity within this system, common mussel species
are better suited for sampling across broad geo-
graphical areas, particularly in the context of logis-
tical support and collecting permission from state
wildlife agencies. Unionid freshwater mussels are a
highly imperiled group in North America and world-
wide (Riccardi & Rasmussen, 1999; Lydeard et al.,
2004).
In the present study, we chose Lampsilis siliquoi-
dea (Barnes, 1823) [also known as Lampsilis radiata
luteola, although we follow the nomenclature of
Turgeon et al. (1998)] to assess the degree of genetic
similarity among populations inhabiting the small
tributaries that flow north into Lake Erie from the
low Portage Escarpment. This ridge is less than
300 m a.s.l., yet it separates the watersheds of Lake
Erie (at 190 m) from the Ohio River watershed.
Lampsilis siliquoidea was almost completely eradi-
cated from Lake Erie (Crail, Krebs & Zanatta, 2011)
after invasion of the lake by dreissenid mussels
(Schloesser & Nalepa, 1994; Schloesser, Nalepa &
Mackie, 1996), although the species occurs in all of
the main tributaries of Lake Erie (Krebs et al., 2010;
Schwalb et al., 2012) and the Ohio and Mississippi
River drainages, which are the proposed historical
sources of freshwater mussels to the Great Lakes
(Ortmann, 1924; Graf, 2002). Samples from these
distant populations, along with samples of Lampsilis
radiata, which ranges from eastern Canada south
along the Atlantic slope (Strayer & Jirka, 1997),
provide comparative material to interpret gene flow
into the watershed. In the present study, we compare
population variation in the maternally-inherited form
of a fragment of the cytochrome c oxidase subunit I
gene (COI) with the paternally-inherited form of the
same gene to evaluate the null hypothesis that male
and female mitochondria primarily collected from the
same individuals will yield similar levels of genetic
variation and inferences of population structure.
MATERIAL AND METHODS
Sequencing focused on populations within the Lake
Erie watershed of Northern Ohio with additional sites
outside this region (Fig. 1) used to provide phylogeo-
graphical context. Sample sizes correspond to female-
inherited (N = 124) and male-inherited (N = 110)
mitochondrial haplotypes, respectively, which were
obtained from adductor muscle (F-haplotype) and
from testes (M-haplotype) of the same male speci-
mens, except where mantle tissue was taken
(F-haplotype only). Male-inherited mtDNA in Unioni-
dae is assumed to be restricted to the testes (Liu &
Mitton, 1996), although the presence of the male
mtDNA across diverse tissues of marine mussels
(Garrido-Ramos et al., 1998; Sano, Obata & Komaru,
2007; Obata, Sano & Komaru, 2011) leaves this ques-
tion open. Genomic DNA from each tissue was puri-
fied using the protocol of the Qiagen DNeasy total
DNA extraction kit, except that only 1–2 mg of mussel
tissue was used in extractions.
Strict collection rules for unionid mussels limited
the number of individuals and hence samples
obtained from small streams, which, for the Lake Erie
watershed in, OH were (F-samples; M-samples): Con-
neaut Creek (7; 8), Ashtabula River (4; 4), Grand
River (4; 7), Chagrin River (15; 13), upper Cuyahoga
River (6; 4), Rocky River (7; 3), Black River (13; 16),
Vermilion River (4; 4), Huron River (5; 5), Sandusky
River (2; 2), and the Blanchard River, a tributary of
the Maumee River system (9; 9). Specimens were also
obtained from three basins representing possible
source populations of Lake Erie haplotypes. Ohio
River populations were represented by five tributaries
in Ohio and Pennsylvania: Yankee Creek (5; 4), Kill-
buck Creek (5; 4), Muddy Fork (2; 2), Big Darby Creek
(10; 0, mantle clips only), Eagle Creek (7; 5) and
French Creek, PA (1; 2). Upper Mississippi River
populations were sampled from several ponds and
streams in Minnesota, Red and Roseau Rivers, Isa-
bella and Juggler Lakes (10; 9 in total). Finally, the
Atlantic slope was represented by samples from the
Sandy, Sebasticook, Passadumkeag and Puhaw
Rivers in Maine (8; 9 in total). Mussels from the Lake
Erie watershed and those shipped from the upper
Mississippi were brought to the laboratory alive; the
tissue from each mussel was extracted and placed in
80% ethanol, and stored at -20 °C until use. Other
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Figure 1. Collection sites within Northeastern United States indicating a primary focus on the Lake Erie Watershed
(inset), with comparison to sites in the Upper Ohio River watershed, the Upper Mississippi watershed, and populations
in coastal rivers of Maine.
tissues were either fresh frozen or placed in ethanol
in the field during collection. Valves of most speci-
mens were retained and accessioned into the research
collection at Cleveland State University.
COI was amplified using primer sets designed for
the maternally-inherited and the paternally-inherited
form of the locus. The universal primer pair devel-
oped by Folmer et al. (1994) (LCO1490 5′-GGT CAA
CAA ATC ATA AAG ATA TTG G-3′; HCO2198 5′-TTA
ACT TCA GGG TGA CCA AAA AAT CA-3′) can
amplify either form but was applied to adductor or
mantle tissue to obtain the female-inherited version
of COI. The male-form was amplified using primers
LCO1490 and Lamp mHCO (5′-CAA AAC AAA TGT
ATA AAA AG-3′). Polymerase chain reaction (PCR)
reactions were carried out in 25-mL volumes consist-
ing of 10 mL of deionized water, 5.5 mL of GoTAQ
buffer, 2.75 mL of 2.5 mM dNTPs, 2.75 mL of each
primer at 2.5 mM, and 2.75 mL of 0.25 mM MgCl2. To
this reaction mix, Taq was added in the quantity of
0.15 mL per reaction before adding 1 mL of DNA tem-
plate. The initial denaturation phase was 2 min at
94 °C, followed by 35 cycles of DNA denaturation for
30 s, primer annealing at 49 °C for 30 s, and polym-
erization extension at 72 °C for 45 s.
After amplification, unused primers and dNTP’s
were degraded using 3 mL of a mixture of Exonuclease
I (ExoI; Amersham Biosciences catalogue number:
E70073X, 10 U/mL) and Shrimp Alkaline Phosphatase
(SAP; Amersham Biosciences catalogue number:
E70092X 1 U/mL) (78 mL ddH2O, 2 mL ExoI, 20 mL
SAP). Reactions were incubated at 37 °C for 40 min
followed by 80 °C for 20 min to denature enzymes.
Amplicons were sequenced at the Cleveland Clinic.
Chromatograms were edited using SEQUENCHER
software (GeneCodes Corp.) and aligned using amino
acid translation to ensure the absence of stop codons.
All samples suggesting an amino acid substitution
were repeated to confirm results. No indels were
detected; therefore, alignment was trivial. Male and
female derived COI sequences were treated as sepa-
rate haploid loci in all analyses, and we elected not to
partition COI by codon position because of the rarity
of polymorphic sites in the first and second codon
positions, which was expected given the narrow taxo-
nomic scope of the study.
All sequences were entered into DNASP, version 5
(Librado & Rozas, 2009) to define haplotypes from
which phylogenetic relationships and haplotype net-
works were constructed. Data sets were collapsed for
duplicate sequences and removed. Unique female
(N = 28) and male (N = 30) haplotypes were 633 bp
and 618 bp in length, respectively, as a result of
differences in the PCR product. Female and male
sequences of four outgroup species (Actinonaias liga-
mentina, Lampsilis hydiana, Lampsilis ovata, Lamp-
silis straminea) from Chapman et al. (2008) were used
to root the trees. Gene trees were constructed using a
Bayesian Markov chain Monte Carlo (Drummond
et al., 2002) analysis as implemented in MrBayes,
version 3.1.2 (Ronquist & Huelsenbeck, 2003).
Sequences were analyzed under a GTR + G nucleotide
substitution model for both the F and M sequence
matrices. Searches were conducted for 20 million gen-
erations with six search chains each. One tree was
saved every 1000 generations in each analysis. Shape,
pinvar, statefreq, and revmat were all unlinked
during the analyses, which were terminated when the
mean SD of the split frequencies fell below 0.01. The
post burn-in trees were used to generate the F and M
majority rule consensus trees.
Networks were created in NETWORK, version
4.5.1 (Röhl, 2004) using the median-joining algo-
rithm (Bandelt, Forster & Röhl, 1999) followed by
the post-processing Steiner algorithm (Polzin &
Daneshmand, 2003) to remove unnecessary median
vectors and nonparsimonious links. Polymorphic
sites, transitions, and transversions were weighted
equally.
RESULTS
The F-haplotypes and M-haplotypes were very differ-
ent. Consensus sequences produced from all Midwest-
ern haplotypes showed that 187 of 618 bp (30%)
varied between the male and female forms, leading to
67 amino acid substitutions of 206 (32%) coded by this
fragment of COI. Therefore F- and M-haplotypes were
highly divergent from each other, with variation
within each haplotype group completely independent
and reciprocally monophyletic (results not shown).
The analysis of 124 female-inherited and 110
male-inherited COI sequences revealed sufficient
variation in the L. radiata complex to assess diver-
gence among streams (see Table 1). We found 28
unique F-haplotypes varying in 33 of 633 base posi-
tions (5%). Haplotypes were connected by single
substitutions with only one ‘missing’ haplotype, sug-
gesting that a large portion of variation in mitochon-
drial lineages was sampled (i.e. 25 midwestern
F-haplotypes). Only two rare mutations substituted
an amino acid: valine for isoleucine at nucleotide
position 37 and proline for threonine at nucleotide
position 547. Both were found only once. By contrast,
there were 30 unique M-haplotypes also connected by
single substitutions and two ‘missing’ haplotypes. The
sequences varied at 35 of 618 (6%) bases, of which
eight mutations (seven found only once) caused an
amino acid substitution. A serine-glycine polymor-
phism as a result of a substitution at nucleotide
139 was common. The difference in the number
of nonsynonymous polymorphisms in the F and M
Table 1. Maternally and paternally-inherited cytochrome c oxidase subunit I gene (COI) haplotypes in the Lampsilis
radiata complex
Haplotype
number N Region of occurrence
Maternal
1 6 Cuyahoga (6)
2 29 Grand (3) Rocky (6), Black (3), Vermilion (2), Huron (3), Sandusky, OR-Big Darby, UM-Isabelle Lake (2),
UM-Juggler Lake (3), UM-Red River (5)
3 2 Rocky, Black
4 21 Ashtabula (4), Conneaut (3), Black (4), Vermilion, Blanchard (2), OR-Killbuck Creek (5), OR-Big Darby
5 1 Chagrin
6 1 Black
7 2 Black, Blanchard
8 19 Conneaut (2), Grand, Black (3), Blanchard (4), OR-Big Darby (5), OR-French Creek, OR-Eagle Creek (3)
9 1 Vermilion
10 5 Huron, OR-Yankee Creek (4)
11 1 Huron
12 10 Chagrin (9), OR-Eagle Creek
13 1 Conneaut
14 1 Conneaut
15 1 Sandusky
16 1 Big Darby
17 1 Big Darby
18 5 AS-Maine (5)
19 1 AS-Maine
20 2 AS-Maine (2)
21 1 Blanchard
22 1 Blanchard
23 1 OR-Yankee Creek
24 1 OR-Muddy Fork
25 2 OR-Muddy Fork, OR-Eagle Creek
26 5 Chagrin (5)
27 1 OR-Eagle Creek
28 1 OR-Eagle Creek
Paternal
1 20 Grand, Chagrin, Rocky (2), Black (5), Vermilion, Huron (2), Sandusky (2), OR-Yankee Creek, OR-Killbuck Creek,
OR-Eagle Creek, UM-Isabelle Lake, UM-Red River (2)
2 37 Conneaut Creek (2), Ashtabula, Grand (4), Chagrin (9), Cuyahoga (3), Black (4), Vermilion, Huron (2), Blanchard (3),
OR-French Creek (2), OR-Yankee Creek (2) OR-Killbuck Creek (2), OR-Eagle Creek
3 1 Rocky
4 12 Conneaut Creek (2), Grand, Black (2), Vermilion (2), Huron, Blanchard (4),
5 5 Black, UM-Isabelle Lake, UM-Juggler Lake, UM-Red River, OR-Killbuck Creek
6 1 Black
7 1 Black
8 7 Conneaut (2), Chagrin, Black (2), Blanchard, OR-Muddy Fork
9 1 Cuyahoga
10 1 Ashtabula
11 1 Ashtabula
12 1 Ashtabula
13 1 Conneaut
14 1 Chagrin
15 1 Chagrin
16 1 Conneaut
17 1 UM-Red River
18 2 UM-Juggler Lake (2)
19 1 Blanchard
20 1 Grand
21 1 OR-Yankee Creek
22 1 OR-Muddy Fork
23 1 AS-Maine
24 2 AS-Maine (2)
25 1 AS-Maine
26 1 AS-Maine
27 3 AS-Maine (3)
28 1 AS-Maine
29 1 OR-Eagle Creek
30 1 OR-Eagle Creek
Rivers and numbers (where greater than one) are listed east to west within the Lake Erie watershed, followed by the Ohio River watershed (denoted ‘OR’),
the Upper Mississippi watershed (denoted ‘UM’), and Atlantic slope specimens collected in Maine (denoted ‘AS’).
mitochondria was sufficient to reject the hypothesis
that purifying selection is similar in the male and
female mtDNA forms (c2 = 3.82, P < 0.05, one tailed).
GenBank Accession numbers are KC408744 to
KC408801.
To further test for selection, polymorphisms within
species were compared with variation in outgroup
species. Among F-haplotypes, one of 30 fixed differ-
ences replaced an amino acid, whereas, among
M-haplotypes, four of 30 fixed differences substituted
an amino acid. A MacDonald–Kreitman test (Hedrick,
2010: 328) gave a fixation index (FI) of 0.53 for the
female-inherited COI gene fragment (DN = 1/582,
PS = 31/633, DS = 29/582, PN = 2/633), and 0.52 for the
male-inherited fragment of the same gene (DN =
4/582, PS = 27/618, DS = 26/582, PN = 8/618). Values
less than 1 suggest purifying selection. By this test
of selection, the mitochondrial types were similar in
their ratios between substitution and polymorphisms,
although, as noted, the number of changes differed
markedly.
Gene trees (Fig. 2) and networks (Fig. 3) of 28
unique F-haplotypes and 30 unique M-haplotypes
produced phylogenies with short internal branches
generally connected by single mutational changes.
The one exception was the geographical split between
samples from the Atlantic Slope and those from
the combined Great Lakes and Mississippi River
watersheds. For the Bayesian consensus tree for
F-haplotypes (average harmonic mean = -1660.71
and -1658.50 for the two runs; mean tree
length = 0.390), the potential scale reduction factor
(PSRF) converged on 1.000 from 2001 trees and a
single partition of COI. Three distinct genetic haplo-
type clades were identified in maternally-inherited
mitochondria (Fig. 2A and noted as polygons in
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Figure 2. Bayesian-inference relationships of (A) 28 maternally-inherited and (B) 30 paternally-inherited cytochrome c
oxidase subunit I gene (COI) haplotypes within the Lampsilis radiata complex. Sequences were rooted with outgroup
species: Lampsilis straminea, Lampsilis hydiana, Actinonaias ligamentina and Lampsilis ovata of the respective
mitochondrial type. Numbers at nodes denote posterior probabilities > 0.50. Notation of clades corresponds to groups
demarcated in polygons in the networks (Fig. 3).
Fig. 3A): moderately supported were clade 1 (with
haplotypes 5, 12, 26) and clade 3 (with haplotypes 24,
25, 27), and the only one receiving a prior-probability
score of 1.00 was the split called clade 2 of three
haplotypes (18, 19, 20) from Maine, putatively Lamp-
silis radiata radiata. The geographical origin of these
individuals was suggestive of localized isolation: clade
3 was found only in neighbouring tributaries of the
upper Ohio River (four of four individuals), whereas
clade 1 predominantly came not just from the Lake
Erie watershed but from the Upper Chagrin River (15
of 16 individuals; Table 1).
Isolation of F-haplotypes therefore occurred at the
level of specific streams rather than as an effect of
geographical distance. In addition to the isolation of
the phylogenetically supported clades, all six indi-
viduals from the upper Cuyahoga were haplotype 1;
all five from Killbuck Creek were haplotype 4, all five
from Yankee Creek were haplotype 10 or the related
haplotype 23, and all ten individuals from diverse
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Figure 3. Haplotype networks for (A) 28 maternally-inherited and (B) 30 paternally-inherited cytochrome c oxidase
subunit I gene (COI) haplotypes within the Lampsilis radiata complex. Size of circle is proportional to haplotype
frequency. Grey-scaling indicates region: black from Maine, dark grey from the Lake Erie watershed, light grey from the
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Notation of clades demarcated in polygons correspond to supported groups in the phylogenies (Fig. 2).
sites in Minnesota were haplotype 2. Therefore, a
multiallelic FST (Halliburton, 2004: 321) was esti-
mated for this locus as 0.30 (P < 0.05), based con-
servatively on just data from streams in the Lake
Erie watershed with N  5.
The male-inherited haplotypes (Fig. 2B) were
more phylogenetically diverse. For the Bayesian con-
sensus tree for M-haplotypes (average harmonic
mean = -1606.08 and -1604.63 for the two runs;
mean tree length = 0.355), the PSRF converged on
1.000. The majority rule consensus tree indicated that
all common haplotypes in the network (Fig. 3B) sepa-
rated with posterior probabilities above 0.80 but in a
hierarchical fashion. Clade 1 (note polygon in Fig. 3B)
composed the specimens from Maine, putatively L. ra-
diata radiata, and haplotypes 10, 13 and 16 were
basal to the rest of the putatively L. siliquoidea
samples. These three haplotypes were collected in two
north-eastern Ohio rivers, Ashtabula River and Con-
neaut Creek, and are related to the Atlantic slope
clade (Fig. 3B). Each of these individuals possessed
an F-haplotype typical of Ohio individuals (i.e. the
Midwestern form). Among individuals from all other
clades, for example, clades 2, 3, 4 and 5 (4 is nested
within clade 5), geographical separation within
M-haplotypes was minimal. Only clade 3, composed of
haplotypes 4 and 7, was restricted in distribution and
that just to Lake Erie tributaries. Population diver-
gence among streams sampled was not found for
M-haplotypes (FST = 0.11, not significant).
DISCUSSION
Because differences exist in the patterns of genetic
variation and diversity observed between the F- and
M-haplotypes, their combined use provides insights
into the evolutionary history of the mitogenome and
the biogeographical history of L. siliquoidea following
de-glaciation. Populations from Lake Erie, as well as
the Mississippi and the Ohio River basins, clearly
share an evolutionary history, as indicated by their
phylogenetic affinities and the very few genetic dif-
ferences across these watersheds within both the
male and female mitochondrial COI lineages. At the
watershed level, population structure among rivers is
strongly evident in the maternal lineage. This level of
variation (i.e. 25 midwestern F-haplotypes) is similar
to that of other common species in the region. Elder-
kin et al. (2008) reported 38 haplotypes for Elliptio
dilatata (25 in the geographical region examined in
the present study), although they found more (N = 72)
for A. ligamentina, and Doucet-Beaupré et al. (2012)
reported over 100 haplotypes among Pyganodon
grandis, although the study areas only partially
overlap. By contrast Fusconaia flava, which is widely
dispersed but less often very common in this region
(Krebs et al., 2010), had much lower diversity, at just
13 haplotypes (Burdick & White, 2007), and Zanatta
& Wilson (2011) focused on microsatellite variation
in the federally endangered Epioblasma triquetra
because mtDNA variation is very low. Across species,
high diversity levels in the Great Lakes region likely
attest to large population sizes in species that have
persisted over time and/or to a large number of colo-
nization routes available (Mandrak & Crossman,
1992) from multiple Mississippian refugia.
After these glaciated regions were colonized, gene
flow in L. siliquoidea among watersheds appears to
have continued based on the combined analysis of
the F and M mitochondrial types, although some
differences are apparent between the two forms.
F-haplotypes revealed substantial isolation in some
eastern rivers, most notably populations above large
waterfalls as in the Chagrin and Cuyahoga Rivers,
and high up in Ohio River tributaries such as the
Yankee and Killbuck Creeks. By contrast, all of the
relatively lowland tributaries flowing through lake
plains in western Lake Erie tended to share the same
set of F-haplotypes, a result also Elderkin et al. (2008)
reported in E. dilatata and A. ligamentina. Any
private alleles in those regions could be explained by
the rarity of novel haplotypes, as opposed to genetic
isolation of populations.
Few geographical barriers appear to have com-
pletely blocked gene flow of M-haplotypes, including
the divide between the Atlantic Slope and the Mid-
western populations. Migration in L. siliquoidea is
predicted to follow movement of their centrarchid
hosts (Watters, Hoggarth & Stansbery, 2009), of
which smallmouth bass (Borden & Krebs, 2009) and
largemouth bass (Nedbal & Phillips, 1994) show
similar structural patterns of mitochondrial variation
to L. siliquoidea in the Lake Erie watershed. The
female mitochondrial lineage can only move as a
zygote, when glochidia attach to fish (Watters, 1992)
or potentially float downstream (Schwalb, Garvie &
Ackerman, 2010; Culp et al., 2011). Glochidia, of
course, transport both maternal and paternal mito-
chondrial forms. Male-type mitochondria can also
move independently downstream before fertilization
as spermatozuegmata (sperm balls), which protect
sperm for long periods of time (at least 48 h), and
may enable significant downstream transport until
females capture them within their respiratory current
(Ishibashi, Komaru & Kondo, 2000). High fertilization
rates from upstream males of A. ligamentina are
reported to distant females (Moles & Layzer, 2008), a
result that Ferguson (2009) suggests as possible in
Lampsilis cardium and that Krebs (2004) suggests
for P. grandis based on shared haplotypes spanning
geographical barriers. Thus, the relative opportuni-
ties of dispersal differ between the F- and M-type
mitochondria, which could be particularly important
after headwater capture (the upper Cuyahoga River is
one example). Variation in allozymes for L. siliquoi-
dea follows the patterns seen in M-haplotypes, with
few differences among streams (Berg et al., 2007), and
the assessment of both mitochondrial forms allows a
more direct measurement of gene flow differences
than does shared nuclear markers (Westfall &
Gardner, 2010).
An historical side note is that, in some of his last
papers, Darwin (1878, 1882) struggled to explain how
mussels migrated upstream, although an unusual
mode of downstream gene flow may provide the best
explanation for divergence in population structure
measured as FST between standard female-inherited
mitochondria and that in the rest of the genome in
unionid mussels. M-haplotypes appear to have addi-
tional opportunities to move as sperm to downstream
females. F movement is restricted to fish patterns.
Thus isolated F-haplotypes (but not M-haplotypes)
occur above waterfalls and M-haplotypes from the
Atlantic slope (but not F-haplotypes) were found in
individuals collected in the Lake Erie watershed. No
evidence exists that sperm balls cross watershed
boundaries, although it is unclear whether anyone
has looked for such evidence. Incomplete lineage
sorting could account for individuals possessing
F-type mitochondria from L. siliquoidea and the
M-type from L. radiata, although greater haplotype
variation between the Lake Erie and Atlantic Slope
populations would be predicted along with a random
presence of Atlantic-slope haplotypes across sampling
sites, neither of which our data support.
Possibly, L. radiata dispersed westward into Lake
Erie and, similar to Elliptio complanata (Barber,
1982; Graf, 2002), survived on the fringe of its distri-
butional range. In collections dated around 1904 near
the mouth of the Black River, Ohio (by Robert L.
Baird, labelled as the Oberlin collection at the Ohio
State University Museum of Biological Diversity),
specimens are primarily labelled as L. radiata
luteola, with one notation to a ‘siliquoidea’, appar-
ently as a result of heavier pseudocardinal teeth than
those labelled L. radiaita luteola. All specimens that
we collect today in the Lake Erie watershed possess
this thicker hinge tooth.
Thus, L. siliquoidea from the upper Mississippi
basin, Lake Erie, and the rivers of Ohio and western
Pennsylvania display genetic and ecological differ-
ences from L. radiata, including variation in host fish
(Kneeland & Rhymer, 2008), highlighting their diver-
gent evolutionary histories. Genetic distance between
closely-related mussel species tends to be in the range
of 2.5% (Roe & Lydeard, 1998), whereas within-
species variation is usually less than 1% (Burdick &
White, 2007; Elderkin et al., 2008). Midwestern and
Atlantic Slope haplotypes of both the F- and M-
types were approximately 1.5% different, similar to
F-haplotype variation between Pyganodon fragilis
and Pyganodon cataracta (Doucet-Beaupré et al.,
2012) and, within this Lampsilis group, hybrid indi-
viduals may exist. Therefore, whether one accepts
that the western ‘radiata’ is in fact ‘siliquoidea’, or
accepts the use of a subspecific declaration, L. radiata
luteola, sensu Watters et al. (2009), the two clades
possess a close evolutionary history.
CONCLUSIONS ON MITOCHONDRIAL EVOLUTION
Within the mussels having doubly uniparental inher-
itance, selective constraints are assumed to vary
between mitochondrial forms (Stewart et al., 1996).
For unionids, the male-inherited form may evolve
under relaxed selection because it is expressed pri-
marily, if not exclusively, in testes (Quesada, Wenne
& Skibinski, 1999; Soroka, 2010; Zbawicka et al.,
2010). However, S´mietanka et al. (2009) argue that, in
Mytilus, adaptive evolution also may occur with
respect to the male mitochondrial lineage but as a
rare occurrence when an F-type mitochondria is
picked up in the male lineage. Those events may
trigger a selective sweep. They also acknowledge that
a rapid postglacial dispersal could produce the same
pattern as a selective sweep, a conclusion echoed by
Doucet-Beaupré et al. (2012) when explaining the
co-occurrence of two divergent F-mitogenomes with a
single M-mitogenome in the unionid, Pyganodon
lacustris in the upper Great Lakes region of North
American.
Patterns of variation in M-type mitochondria show
a remarkable similarity between the Great Lakes
unionid fauna and their marine counterparts. Haplo-
type numbers for the M-type are increased, albeit
slightly in L. siliquoidea, and this increase may be a
result in part to more nonsynonymous polymor-
phisms; the M- and F-types were more similar in the
number of synonymous polymorphisms. A comparison
of branch lengths among the unionid species studied
for both mitochondrial types supports greater rates of
base substitution in the M- than F- mitochondrial
forms (Hoeh, Stewart & Guttman, 2002; Krebs, 2004;
Breton et al., 2007), which is also concordant with
studies in Mytilus (Ort & Pogson, 2007; S´mietanka
et al., 2009).
For widespread mussel species, whether marine or
freshwater, an increased number of polymorphisms in
the M-type mitochondria is not accompanied by
greater population structure, whether examined at a
regional or watershed level. Variation in F-haplotypes
is geographically structured more than variation in
M-haplotypes, meaning that specific watersheds can
be characterized by their F-haplotypes. The relative
contribution of selection and gene flow requires
further study because both can sweep a new allele
through a region (Addison et al., 2008), especially
during initial colonization. In L. siliquoidea, homog-
enization of M-haplotype variation and differences in
nonsynonymous substitution frequency suggest a
complementarity of migration-selection processes on
the evolution of these two mitochondrial forms.
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